Introduction

88
The innate immune response is a key component of the host defense against fungal infection, 89
and fungi have developed diverse mechanisms to evade phagocyte-mediated clearance 1 . 90
Pathogenic fungi mask key cell wall ligands to evade uptake [2] [3] [4] [5] [6] . Upon engulfment, they 91 deploy various strategies to proliferate within and escape the phagolysosome, or switch 92 morphology to resist phagocyte killing [7] [8] [9] [10] [11] [12] [13] [14] [15] . This is particularly true with Aspergillus 93 fumigatus spores, which mask key cell wall ligands when in a resting state 16, 17 . Mucoralean 94 fungi that cause invasive mucormycoses lack many of these strategies, yet remain an 95 important class of fungal pathogens with high mortality in susceptible patient populations 18-96 20 . Pathogenic Mucorales span multiple genera, with members of the Rhizopus genus most 97 prevalent, causing almost half of all documented cases [21] [22] [23] [24] [25] . Mucorales virulence has been 98 shown to be affected by spore size and immunogenicity, germination rate, hyphal biomass, 99
and hyphal resistance to killing [26] [27] [28] [29] [30] . The species Rhizopus microsporus is among the most 100 frequent causes of mucormycosis 31, 32 , but fails to mask cell wall ligands in swollen spores, 101 has a slow germination rate, and produces relatively low biomass 26, 33 . This raises questions 102 about how R. microsporus evades the innate immune response to cause disease. 103 104
During Mucorales infection, swollen spores form germlings, which adhere to and penetrate 105 endothelial cells, rapidly invade blood vessels, and disseminate, causing necrosis 34-37 . 106 Treatment requires debridement or amputation in combination with antifungal therapy and 107 mortality rates approach 100% in disseminated cases 21, 38 . There are also emerging reports of 108 indolent/chronic mucormycoses in both immunocompromised and immunocompetent 109 patients 39, 40 . Given this pressing problem, the focus of Mucorales pathogenesis studies has 110 been on disseminated disease, particularly hyphal resistance to host immunity, a hallmark of 111 pathogenicity. However, we recently showed that the early stages of infection control are 112 critical for predicting disease outcome 41 . Consistent with this, the majority of mucormycosis 113 patients have predisposing factors that impact phagocyte recruitment, including iron 114 overload, diabetes mellitus, neutropenia, organ transplantation, trauma, and corticosteroid 115 therapy 19, 22, 34, [42] [43] [44] [45] [46] [47] [48] [49] [50] . Outbreaks of R. microsporus in hospitals have been linked to the use of 116 contaminated supplies during treatment of immunocompromised patients [51] [52] [53] [54] [55] . Recently, we showed that recruitment of phagocytes to the site of infection enables the 133 formation of a granuloma that can contain and control the germination of resting Mucor 134 circinelloides spores 41 . In contrast, a range of Mucorales resting spores fail to elicit pro-135 inflammatory cytokine responses and do not induce the strong phagocyte chemotaxis 136 required for granuloma formation 33, [61] [62] [63] . R. microsporus spores are also phagocytosed at 137 lower rates than other well studied fungal spores 40, 62, 64, 65 . This raises the question of what role 138 early immune recruitment has in the control of Rhizopus infection. 139 140
Upon infection, R. microsporus spores become metabolically active and begin to swell 61, 66 . 141
Based on analogy to Aspergillus species, frequently used as a model for Mucorales, swelling 142 would be expected to reveal Pathogen Associated Molecular Patterns (PAMPs) and induce 143 increasing rates of phagocytosis 2, 67 . However, swollen spores in the Rhizopus genus are often 144 no more readily phagocytosed than resting spores 62 . In some species, this is linked to spore 145 size, with larger spores (12.3 μm) less readily phagocytosed than small spores (4.3 μm) 27 . 146
However R. microsporus spores are on average 5 μm 68 . Finally, in addition to evading 147 uptake, engulfed Mucorales can survive within the phagolysosome via a mechanism that, at 148 least in part, involves melanin-mediated phagosome maturation arrest through inhibition of 149 LC3 40, 41, [69] [70] [71] . 150 151 Here, we investigate the interaction of host immune cells with R. microsporus during the 152 earliest stages of infection and report for the first time a role for a bacterial endosymbiont of 153 R. microsporus in disease in both zebrafish and murine models of infection. Specifically, we 154 observed a significant reduction in phagocytosis of metabolically activated spores compared 155 to resting spores. Further in vivo and in vitro investigation revealed the bacterial 156 endosymbiont to be the producer of an antagonistic compound with anti-phagocytic activity, 157 which we term Phagocin R. In a companion paper, Sephton-Clark et al. investigate the impact 158 of endosymbiont status on fungal and macrophage transcriptional profiles, revealing altered 159 macrophage polarization in response to wild type vs cured R. microsporus spores. 72 Here we 160 investigate the consequences of endosymbiont status on infection outcome and demonstrate 161 that this bacterial endosymbiont contributes to both fungal stress resistance and immune 162 evasion during the earliest stages of infection, enabling fungal pathogenesis. 163 164
RESULTS
Resting spores are readily phagocytosed, yet swollen metabolically active spores inhibit 166 macrophage functions 167 We previously showed that the early stages of host-fungus interaction determine disease 168 outcome in the zebrafish model of mucormycosis 41 . Our data suggest that successful control 169 requires both 1) the presence of phagocytes at the site of infection within the first 24 hours 170 and 2) the formation of a granuloma capable of killing spores. We hypothesized that, in 171 instances where infection control fails, spores might evade phagocytosis. In the case of 172
Aspergillus, dormant spores are encased in a rodlet layer (RodA) that masks key cell wall 173 PAMPs 17,67 . This layer is shed when spores swell and germinate, providing an opportunity for 174 phagocyte detection. There is no evidence of hydrophobins similar to RodA in the 175 mucormycete lineage 73 , however resting and swollen Rhizopus spores demonstrate limited 176 immunogenicity 62 . We hypothesized that masking of the spore surface might allow R. 177 microsporus spores to evade host detection. 178
To test this hypothesis, we directly compared uptake of dormant and swollen spores from R. 179 microsporus FP469, a clinical isolate from a patient at the Queen Elizabeth Hospital, 180
Birmingham. While dormant Rhizopus spores were readily engulfed by J774A.1 181 macrophage-like cells, swollen, metabolically active Rhizopus spores were engulfed at 182 significantly lower rates (p>0.0001) (Figure 1a ). Reduced spore uptake compared to 183
Aspergillus was previously reported for R. oryzae, with the suggestion that increased spore 184 size might explain the difference 74 . However, in our hands phagocytes were equally able to 185 take up 12 μm particles, which are larger than swollen spores (which reached a mean 186 diameter of 7.3 μm after 6 hours) (Supplemental S1 Table and Supplemental S2a Figure) . 187 UV treatment of washed, pre-swollen spores restored their phagocytosis by J774A.1 188 macrophages (Supplemental S2b Figure) . Although total chitin (CFW, Median 189
Fluorescence Intensity) increased more than 2-fold upon swelling (Figure 1b) , we observed 190 no alteration in surface exposure for chitin (WGA) or total protein (FITC) between resting 191 and swollen spores (Supplemental Figure S3 ). There was no detectable β-glucan exposure, 192 consistent with previous reports showing a lack of glucan in Rhizopus species spore cell walls 193 (Supplemental Figure S4a) . 33, 75 Consistent with dynamic cell wall remodeling observed in 194 other fungi, we did observe changes in the key PAMP mannan: compared to resting spores 195 (47.3%) there was a small but reproducible increase in the proportion of cells with high 196 mannan exposure after 2 hours (59.3%) that declined after 4 hours (52.3%) (Figure 1b) . 197 However, remodeling did not correlate with the observed downward trends in phagocytosis. 198
Together, these findings suggested active fungal evasion of host phagocytic cells upon 199 germination via a previously undescribed mechanism. To investigate immune evasion by 200 swelling spores, we allowed Rhizopus spores to swell in macrophage medium (sfDMEM) for 201 1 hr and tested the capacity of this supernatant to inhibit phagocytosis of other particles. This 202 supernatant was sufficient to inhibit phagocytosis of dormant spores, demonstrating a trans-203 protective effect (Figure 1c) . Swollen spores from a range of mucormycete genera and 204 species, including Mucor circinelloides, Lichtheimia corymbifera, and Cunninghamnella 205 bertholletiae, were also less readily phagocytosed, and their swollen spore supernatants had a 206 similar protective effect on phagocytosis of resting R. microsporus spores (Figure 1d , e). 207
Supernatant from R. microsporus and several, but not all, of the other isolates also had a 208 cross-protective effect on non-mucormycetes, inhibiting phagocytosis of the ascomycete 209
yeasts Candida albicans and Saccharomyces cerevisiae (Figure 1f) . Figure  220 2a). Further, macrophages showed a defect in phagosome acidification as measured by 221 lysotracker staining following uptake of both live resting and pre-swollen spores, suggesting 222 a defect in phagosome maturation (Figure 2b) . 76 Lysotracker staining was significantly 223 reduced following exposure to supernatant alone (Supplemental Figure S5a) . Phagosome 224 maturation was significantly improved for uptake of UV killed spores (p<0.0001), suggesting 225 that inhibition of macrophage function is an active process (Figure 2b) . We also noticed that 226 supernatant treatment affected macrophage morphology: treated cells appeared significantly 227 more rounded than control cells (Figure 2ci, (Figure 3c) . We found evidence of endosymbionts in each isolate, 258 which could be cured by treatment with Ciprofloxacin. For the remainder of this work, unless 259 otherwise stated, spores treated with Ciprofloxacin were germinated, passaged through 260 sporulation twice, and frozen down for stocks before use as cured spores to limit the 261 possibility that the drug was effecting outcomes. 262
Ralstonia pickettii mediates fungal stress resistance and survival within macrophages 263 264
We examined whether the presence of the bacterial endosymbiont was necessary for 265 inhibition of fungal spore uptake by macrophages. Uptake of cured swollen spores was 266 significantly higher than that of the uncured parent (p<0.0001) (Figure 4a ). To further 267 characterise the endosymbiont, we performed whole genome sequencing of the endosymbiont 268 isolated from R. microsporus FP469, which was identified as Ralstonia pickettii, a relative of 269
Burkholderia commonly associated with soil and water and occasionally associated with 270 contaminated medical equipment as an opportunistic pathogen [83] [84] [85] [86] . Supernatant from R. 271 pickettii grown directly in DMEM moderately inhibited uptake of resting fungal spores by 272 macrophages, and similar inhibitory activity was observed for the endosymbiont isolated 273 from the R. microsporus reference isolate (CBS631.82) (p<0.0001; Figure 4b ). Although 274 both were more inhibitory than supernatant from the cured fungus (p<0.001), neither were as 275 inhibitory as the parent fungal strain harboring the endosymbiont (p<0.0001). We therefore 276 investigated whether R. microsporus augments the pathogenicity of R. pickettii. The 277 supernatant inhibitory effect of R. pickettii on resting fungal spore uptake was moderately 278 amplified (p=0.019) by prior growth (1 hr) in the presence of cured swollen fungal spores, 279
but not with cured fungal mycelium (Figure 4c ). Co-culture of the bacteria with heat-killed 280 cured fungal spores or mycelium was not protective (Figure 4c ). These data suggest that the 281 R. pickettii is the primary source of the inhibitory factor, and that live fungal spores but not 282 hyphae may provide either a pre-cursor or substrate for factor synthesis or an additional anti-283 phagocytic factor. 284
In addition to being necessary and sufficient for the observed reduction in phagocytosis, the 285 endosymbiont also influenced phagosome maturation and cytoskeletal organisation. The 286 inhibitory effect on phagosome maturation observed for fungal spores (Figure 2b ) was lost in 287 supernatant from endosymbiont free spores (Figure 4di) , and supernatant from R. pickettii 288 was sufficient to inhibit phagosome maturation (P<0.0001). Actin and β-tubulin 289 polymerization were likewise influenced by the presence but not the absence of the 290 endosymbiont (Figures 4dii and diii) . 291 Finally, we tested the impact of endosymbiont elimination on spore killing by macrophages 292 (Figure 5Ai ). Spores were co-incubated with J774A.1 macrophage-like cells for 6 or 24 293 hours and assessed for viability by CFU. The endosymbiont conferred significant resistance 294 to macrophage killing within 6 hours, and this extended to 24 hours (p<0.0001). Examination 295 of swollen spores by TEM revealed differences in electron density and width of the interior 296 of the cell wall between endosymbiont-harboring vs. cured spores (Figure 5b) , suggesting 297 the endosymbiont influences spore cell wall organization. Analysis of changes in the cured 298 spore wall during swelling revealed an increase in total protein (FITC) and exposed chitin 299 (WGA) after 4 hours compared to resting spores (Figure 5c ), whereas these PAMPs were 300 static in wildtype spores (Supplemental Figure S4 ). Similar to WT spores, there was a 301 transient increase in mannan (ConA) at 2 hours (p<0.0001). Consistent with this, compared to 302 wild type spores, cured resting ( Figure 5aii ) and swollen (Figure 5aiii ) spores were 303 significantly more sensitive to treatment with the host-relevant stresses 0.01% SDS, 5 mM 304 NaNO 3 , or 1 mM H 2 O 2 , as well as treatment with the front-line antifungal Amphotercin B 305 (0.5 μg/ml). 306
Metabolically activated spores of R. microsporus secrete compounds that antagonize 307 effector functions of macrophages 308
Having identified conditions that stimulate secreted anti-phagocytic activity, we set out to 309 further characterize this factor. Activity was not inhibited by treatment with Proteinase K or 310 sodium periodate, and was resistant to boiling, suggesting that the potential inhibitory 311 compounds are not a carbohydrate or protein (Supplemental Figure S6a) . To further 312 investigate this, we performed a chloroform extraction of the supernatant and confirmed the 313 anti-phagocytic activity of this extract (Supplemental Figure S6b) . The chloroform extract 314 was further fractionated by HPLC to identify active peaks with anti-phagocytic activity 315 (Figure 6a ). HPLC analysis revealed clear differences between this chloroform extract 316 (Figure 6a , black bars) and a chloroform extract of DMEM alone (Figure 6a , grey bars). 317
Relevant HPLC peaks were isolated and their inhibitory activity tested, with peaks 3, 5 and 8 318 (as annotated in Figure 6a ) showing significant inhibitory activity (Figure 6b) . Treatment of 319 spores with Ciprofloxacin abolished all active HPLC peaks in supernatant from cured spores 320 (Figure 6c ). However, consistent with reduced inhibitory activity of the bacterial supernatant 321 alone (Figure 4b ), HPLC analysis of supernatant from monoculture of the bacteria alone 322 recovered only two (3 and 8) of the three active peaks found in the untreated endosymbiont-323 harboring fungal supernatant (Figure 6c) . 324
To identify compounds contributing to the inhibitory activity of the isolated peaks, we 325 analysed the composition of each peak using mass spectrometry. Figure S7) , potent toxins produced 330 by bacterial endosymbionts of the Burkholderia spp. that were originally identified in the 331 secretomes of mucormycetes. 59, 60 In HPLC analyses, a Rhizoxin control eluted much later 332 than the three active peaks (Figure 6c ). In addition, compared to bacterial supernatant, 333
Rhizoxin-treated cells demonstrated significantly more inhibition of phagocytosis (p<0.0001) 334 (Figure 6d ) and reduced actin polarization (p<0.0001) (Figure 7a ), but similar activity 335 against β-tubulin (Figure 7b ), suggesting differences in mode of action and specificity. 336
Together, these results suggest that the target compound produced by R. pickettii is not a 337 known Rhizoxin derivative. 338
The host-relevant medium DMEM is a nutrient-poor medium for bacterial and fungal culture 339 and supports limited growth. We therefore asked whether other nutrient-rich media would 340 support expression of peak 5, the most active peak. HL-5 is a common medium for the 341 cultivation of the mini-host Dictyostelium discoideum, a model system for amoebae that are 342 natural predators of fungi [87] [88] [89] . Incubation of R. pickettii in HL-5 produced a profile 343 consistent with peaks 3 and 5 as well as a number of novel peaks not observed in DMEM. 344
Several of these peaks were lost in HL-5 alone (Figure 6e) Figure S9aB ). There was a significant difference in fish survival following infection with 371 wild type versus cured spores using either resting (p=0.019) or swollen (p<0.0001) spores 372 (Figure 8a) . Notably, survival of fish injected with either resting or swollen cured spores was 373 not statistically different from mock injection in this model (p > 0.05). This correlated with 374
CFUs over time: While no differences were observed in initial inocula, within two hours of 375 injection cured spores showed significantly reduced CFUs in zebrafish (n=15 per group, 376 p<0.0001) (Figure 8b ). Over the course of 96 hours, cured spores were more rapidly cleared 377 from infected fish compared to wildtype spores (p<0.0001) (Figure 8b ), and resting spores 378 were more rapidly cleared than pre-swollen spores (Supplemental Figure S8a) . Together, 379 these data suggest that the endosymbiont may aid immune evasion during the initial phase of 380 infection, and that the transition from resting to swollen spore is important for this process. 381
We previously demonstrated that factors that influence the peak number of phagocytes at the 382 site of infection (carrying capacity) in the first 24 hours correlate with disease outcome, and 383 that successful infection control requires spore killing 41 . To investigate the role of the 384 endosymbiont in modulating host defense, we measured phagocyte recruitment in transgenic 385 zebrafish, which enables direct visualization of macrophages and neutrophils to the site of 386 infection (Supplemental Figure S9 ) 64 . Zebrafish expressing either fluorescent macrophages 387 (Tg(mpeg1:G/U:NfsB-mCherry) (Supplemental Figure  S9b ) or neutrophils 388 (Tg(mpx:GFP) i114 ) (Supplemental Figure S9c ) (n=4; means of 4 biological replicate 389 experiments with 3 fish each) were infected with cured or wild-type resting spores and then 390 the number of phagocytes recruited to the site of infection was followed for up to 96 hours 391 (for survival curves, see Supplemental Figure S8b ).
92,93
392 393 Overall, there were significant differences in the absolute number of macrophages recruited 394 to the site of infection across the different conditions (Supplemental Figure 8c) . For fish 395 infected with cured resting spores, within the first 24 hours there were significantly more 396 macrophages recruited to the site of infection than for wildtype resting spores (Figure 8ci ) 397 (p<0.0001), and there were significantly more macrophages maintained at the site of 398 infection after 48 hours in these fish (p<0.0001) (Figure 8cii) . Similar patterns were observed 399 for neutrophil recruitment (Figure 8di , ii, Supplemental Figure 8d Fungi harbor a wide diversity of bacterial endosymbionts that are specifically adapted to 439 colonize their fungal hosts and significantly influence host-relevant fungal phenotypes, 440 including metabolism, cell wall organization, development, and plant host 441 colonization 35, 58, 59, 81, 90, 94, [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] . Additionally, endobacteria are a source of potent mycotoxins 442 that can influence fungal pathogenesis in plants and insects 59, 60, 81, 90, 107, 108 In addition to supporting fungal development and stress resistance, we show that R. pickettii 478 inhibits phagocytosis by macrophages during the initial steps of germination. We 479 demonstrate that this is facilitated by the production of a unique bacterial factor, which we 480 name Phagocin R. We further note that phagocin R exhibits several anti-phagocytic effects 481 including impacting mammalian cell morphology and cytoskeleton organisation, particularly 482 actin and β-tubulin polymerization as well as phagosome maturation. These findings add to 483 reports of bacterial endosymbionts that facilitate pathogenesis, first revealed by the finding 484 that B. Rhizoxina increases R. microsporus pathogenesis through production of the 485 phytotoxin Rhizoxin, an antimitotic agent that targets the cytoskeleton
107
. Phagocin R appears 486 to be distinct from Rhizoxin in activity ( Figure 7) Ciprofloxacin treatment was observed in that work 35 . In contrast, in our work, when immune-499 competent mice were infected with resting spores pre-treated with Ciprofloxacin, CFUs were 500 reduced compared to untreated within 4 hours and spores could no longer be recovered after 501 48 hours. It should be noted that the work here was performed in a small number of mice (5 502 per group) and therefore is prone to the challenges associated with underpowered models of 503 infection. We observed similar patterns in the zebrafish model of infection, which 504 simultaneously allows larger study populations and detailed dissection of mechanisms of 505 innate immune defense. We again observed a profound improvement in zebrafish larval 506 survival upon infection with spores lacking the endosymbiont. In both models, the 507 endosymbiont appears to play a more significant role during the transition from resting to 508 swollen spore, however direct infection with swollen cured spores was still associated with 509 reduced host death. We hypothesize that in our model, the elimination of the endobacterium 510 restores robust phagocyte recruitment and promotes macrophage killing of fungal spores, 511
factors that remain defective in the diabetic or immune-suppressed host models. 512 513
During in vivo infection of immunocompetent mice, the closely related fungus R. oryzae was 514
shown to be phagocytosed but not killed by alveolar macrophages, while unengulfed spores 515 were associated with neutrophil recruitment. . The fish were injected at prim-25 stage following manual dechorionation and 831 anesthesia with 160 µg/mL of Tricaine in ddH 2 O. The fish were then micro-injected with 2 832 nL of 10% (PVP) in PBS or R. microsporus spore suspension at 10 8 spores/mL (high dose) in 833 PVP through the otic vesicle into the hind brain to achieve an inoculum dose of 834 approximately 50-100 spores per fish. Following injection, the larvae were anesthetized with 835 160 µg/mL Tricaine in E3 media in a 96 well plate and screened by fluorescence microscopy, 836 using the Zeiss Axiobserver Zi microscope equipped with Aptome system for the presence of 837 spores and only larvae with approximate correct inoculum were selected, transferred to 838 individual wells of a 24 well plate containing E3 media (plus 0.1% methylene blue ± 60 839 µg/mL Ciprofloxacin). The fish were monitored over a period of 96 hours post infection (96 840 h.p.i) for survival and at 96 h.p.i the fish were killed following euthanasia with 1600 µg/mL 841 Tricaine overdose and then in bleach overnight before they were disposed of. Chemicals and 842 media used were purchased from Sigma-Aldrich unless otherwise indicated. 843 844
Survival was visualized using Kaplan-Meyer survival analysis and pair-wise statistical 845 significance was tested using Mantel-Cox with Bonferroni's correction for multiple 846 comparisons (5% family-wise significance threshold = 0.025). 847 848
Evaluation of spore viability. Following injection, a total of 15 (5 fish per biological repeat) 849 per condition were euthanized with 1600 µg/mL Tricaine. The fish were then homogenised in 850 100 µL of E3 media containing penicillin-streptomycin (5000 U/mL-5 mg/mL) and 851 gentamicin (10 mg/mL) using pellet pestles and plated out on SDA containing 100 U/mL-100 852 µg/mL penicillin-streptomycin and 30 µg/mL gentamicin. 
